where D s is the coefficient for self diffusion, k the Boltzmann constant and Τ the absolute temperature.
The mean free distance of slip is considered to be either a constant, independent of strain, or dependent upon strain through the interdislocation spacing, L = a, or 
where Ε is Youngs' modulus (or the stiffness of the tensile system used). The situation is complicated if dynamic strain ageing occurs. A fairly straight forward way of dealing with this phenomenon is to assume that dislocations get locked, prevented from slip or restricted from recovery, when a certain saturation of the diffusing species is reached at the dislocations. We may thus describe the degree of locking, p, by the saturation per unit length of a dislocation, σ = σ 0 + maGbp .1/2 (1) σ 0 equals all other athermal and thermal parts of the flow stress, we will adopt the designation friction stress for this parameter hereafter, m is the Taylor factor, α the strength of the dislocation interaction barriers, G the shear modulus and b Burgers' vector. If deformation is dominated by dislocation slip we may write m dp
where L is the mean free distance for dislocation slip and Μ is the rate constant for dislocation recovery (by climb and/or cross-slip). Μ is given by /!/ ( 
6)
We have put all parameters without temperature dependence in the three constants, k. Q sol describes the temperature dependence of the solubility in the usual way. The locking effect will be independent of the dislocation density for low densities and will be insignificant for large densities as soft impingement becomes important. The change in the locked dislocation density, pj, with time can be written as dpi dp = ρ -dt dt
where p, is the free dislocation density. The total dislocation density is given by the sum of the locked and the free density. By differentiating equation 1 with time and combining with equations 2, 5 and 7 we obtain
m(maGb)
We have made a not quite stringent simplification when deriving equation 8 since we have substituted the absolute value of the free dislocation density with (1-p) times the total dislocation density while this is true only for the differentials. Otherwise we have assumed that it is only the free dislocations that contribute to slip and recovery while the total density gives the strength of the material. We have further assumed that the mean free distance of slip is independent of strain.
The particle strengthening contribution in the present kind of alloy depends in a rather complex manner on volume fractions and particles sizes of the two main types of particles, γ' and γ". In a recent review /2/ four different mechanisms are t nm ]
Fig. 1
Calculated strengthening contribution from Υ and γ" particles at 600°C. APB-ua, -pa and -oa stands for under-aged, peak-aged and over-aged (see text).
listed. Three of these treat particle cutting assuming that the particle strength is given by the creation of anti-phase boundaries (APB). For these cases the dislocations are assumed to interact pairwisc with the particles. The differences stem from different configurations of the two dislocations depending on particle dispersion. The fourth mechanism is the Orowan process. Assuming volume fraction and particle size to be constant during the test the only temperature dependent terms in the relations for the four mechanisms are the APB energy and the shear modulus.
In Fig. 1 the variation in the strengthening contribution has been calculated assuming reasonable values for the different parameters. In the figure we have also included experimental results from creep tests where the particle strengthening contribution has been evaluated by the consecutive stress reduction method /4/. As can be seen, a very good agreement between theory and experiments is obtained.
EXPERIMENTAL
Specimens of Inconel alloy 718, with chemical composition according to Table 1 , were subjected to the conventional heat treatment (cht) for this cast alloy. Cht consists of solution treatment at 954°C for 1 hr. followed by aircooling to 760°C, where the material is kept for 5 hrs. The material is then cooled to 650°C at a cooling rate of 55°C/hr. It is then kept for 1 hr. at 650°C and finally air cooled to room temperature.
Tensile tests were performed in a 100 kN mechanical tensile test machine (Instron). The test •^mperatures were 430, 550 and 650°C. At each temperature three initial strain rates were used; 1.33xl0~2, 10" 4 and 6.6xl0" 6 per second. The temperature was monitored by three spotwelded type S thermocouples on each specimen.
A second series of tensile tests were performed at 430, 550 and 650°C at a strain rate of 6.6x10" 6 .
The tests were interrupted after a plastic strain of 0.3 or 0.6%. The structures were to some degree quenched in by using pressurized air for "fast" cooling from the test temperature. Thin foils were manufactured and particle and dislocation structures were studied in a 200 kV Jeol transmission electron microscope. The foils were prepared by jet electropolishing 3 mm diameter discs in 15% perchloric acid, 85% methanol at -15°C and 30V. In order to quantify particle coarsening a series of ageing treatments was performed according to the matrix shown in Table 2 . The particle sizes were determined from TEM micrographs of thin foils obtained as above.
The microstructure of the alloy prior to ageing treatments was studied using light optical microscopy. The specimens were prepared by mechanical polishing and electroetching using glycergia (containing 5 ml HN0 3 , 10 ml HCL and 15 ml glycerin). The study was also performed in order to ensure microstructural homogeneity of the cast material, see cross section in Fig. 2 , from which tensile specimens and samples for ageing studies were obtained. Microhardness measurements were performed across dendrites. 
RESULTS

As Cast Material
The microstructure is fairly complex. A low magnification picture is given in Fig. 3 . In the interdendritic areas several different phases exist, Fig. 4 .
The intragranular platelets (Widmanstatten morphology) are associated with precipitation of η (stable, hexagonal Ni 3 Ti) /5/. This phase is believed to be the result of a transformation of metastable fee Ni 3 Ti (γ') at elevated temperatures during forming or heat treatment 16/. The randomly oriented, globular phase at the grain boundaries, Fig. 3 Microstructure in the as-cast condition. Fig. 3 , is probably the stable, orthorhombic Ni 3 Nb (δ) phase which, in turn, is believed to form from the metastable, ordered, bet γ" phase at elevated temperature. Carbide, MC with Cr, is found in the interdendritic regions.
The microhardness measurements revealed no significant variation between samples from different locations (B, D, Η and F in Fig. 1 ) in the cast component. The difference between the middle of the dendrites and the interdendritic areas was approximately 160 HV (100g), with the highest hardness in the interdendritic areas.
Energy dispersive analysis was performed across the dendrites and the results are summarized in Table 3 . Segregation of Nb, Ti and Al in the interdendritic areas is evident. The bet γ" precipitates can grow with the c axis along any of the three <001> directions in the matrix. In the indexing system chosen for the electron diffraction pattern, conversion from (hkl) fcc to (hkl) bct is accomplished by doubling the fee index corresponding to the c axis. The allowed reflections for the bet γ" phase are given by (h+k+l)=2n, where η is an integer. Accordingly, the reflection indexed [11/20] in Fig. 6 (Fig. 6) suggests that bet γ" has a disc-shape with the c-axis perpendicular to the plane of the disc. In Fig. 7 two variants of γ" in the same area of one foil are shown. In Fig. 8 , γ" and γ" plus γ' are shown in a) and b), respectively. Due to the comparatively low volume fraction of γ' particles their occurrence is sparse and the main part of the particles observed are γ". The determination of the size of γ' was not always possible due to this fact. Table 4 contains the size of the particles after the different ageing times. 
Elevated Temperature Deformation of Cast Inconel 718
The γ' particles are mainly spherical. The data can be rationalized by the LSW model for particle coarsening, that is, the cube of the particle diameter is linearly proportional to time. In Figs. 
Tensile Tests
The stress-plastic strain curves are given in evaluated. The data were then fitted to equation 8.
The friction stress was assumed to be · directly proportional to the shear modulus. Ignoring the effects of recovery (putting Μ equal to zero) and of dynamic strain ageing (p equal to zero), the behaviour at the highest strain rate was well described if the mean free distance of slip was put equal to 0.025 mm and the friction stress was equal to 0.0128 times the shear modulus, Fig. 12 . The constants in the expressions for ρ and a correction factor for Μ were then determined by manual fitting 8- Tensile tests performed at 430, 550 and 650°C and at the lowest strain-rate (6.6x10' 6 1/s) were interrupted after plastic strains of 0.3 and 0.6%. Sections were then cut from these specimens and thin foils for ΤΈΜ manufactured. The dislocation * structures consisted mainly of single dislocations and loops around particles. In some cases dislocations arranged pairwise were discerned. The structures, which are shown in Figs. 15 and 16, were quite similar irrespective of temperature of testing. In Fig. 16 many of the dislocations seem to be locked on a finer scale than the particles warrant. The number of loops is less at this temperature, 650°C, than at the other. This is probably due to annealing out of the loops and the locking effect may be due to strain ageing.
7-
The particle sizes after cht were measured. The mean diameter for γ' was 176 A and for γ" we found a mean diameter of 283 A and a mean thickness of 70 0 A (aspect ratio 4.0). The equivalent radius (for a sphere with the same volume as the disc) is approximately 80 A. Inspection of Fig. 1 reveals that this would correspond to particle cutting with the first dislocation completely flexible. With this mechanism we also expect the Orowan mechanism to be present in the sense that loops are left behind the moving dislocations in some cases and in others cutting takes place. The conclusion is that experiment and theory are in reasonable agreement.
The fracture surfaces revealed a significant difference between the appearance of the specimen tested at 650°C at a strain rate of 6.6 10" 6 1/s and all the rest. The former, Fig. 17 , displayed large amounts of coarse second phase particles in the fracture surface in contrast to the other specimens, Fig. 18 . The surface of the former also showed a smaller number of dimples than the rest and the surface had a dendrite like appearance. The low strain rate at the comparatively high temperature, together with dynamic strain ageing, obviously favoured grain boundary deformation mechanisms leading to intercrystalline fracture.
CONCLUSIONS
The coarsening kinetics for both γ' and γ" type particles are in good agreement with the LSW theory within the temperature range 550 to 750°C.
Dynamic strain ageing contributes strongly to the deformation behaviour, especially at 650°C but also at 430 and 550°C.
